Abstract. MIPAS, on ENVISAT, has made high quality observations of ozone, methane and water vapour. Gridded fields, at 4 hourly intervals and, have been calculated for all of 2003 using data assimilation with isentropic advection as a constraint. The gridded fields are validated against independent measurements (from 7 other instruments in the case of ozone, 3 for water vapour and one for methane). For ozone the results are in agreement with previously published results. For water vapour the bias relative to HALOE is below 10% between 20 and 48 km, and the standard deviation is below 12% in this range. Departures from SAGE II and POAM III are substantially larger. The methane analysis has a bias of less than 5% relative to HALOE between 23 and 40 km, with a standard deviation less than 10% in this height range. The water vapour field clearly reflects the upward motion in the lower tropical stratosphere, while both water vapour and methane show the signature of advection higher up. In the polar regions the descent in the vortex is clearly visible, with strong descent in autumn giving way to weaker descent through the winter. Descent rates of around 10 −3 ms −1 are found during the formation of the polar vortices, slowing to around 3 × 10 −4 ms −1 during the winter. Ascent of around 2 × 10 −4 ms −1 in the tropics is revealed by the water vapour and total observed hydrogen fields (4 times the methane plus twice the water vapour concentration). The total observed hydrogen is depleted in the polar upper stratosphere when air is advected down from the upper mesosphere.
Introduction
Stratospheric water vapour and methane are important greenhouse gases. Methane has been increasing steadily due to anthropogenic emissions. Water vapour has also been increasing, in part due to oxidation of the increasing methane content (e.g. Rosenlof et al., 2001; Rind and Lonergan, 1995; Shindell, 2001 , but see also Randel et al., 2006) .
Correspondence to: M. Juckes (m.n.juckes@rl.ac.uk) Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) instrument on the ENVISAT 1 (Fischer and Oelhaf, 1996; Tsidu et al., 2003; Glatthor et al., 2005) was operational at full resolution for 20 months. The central 12 month period (January to December 2003) had near continuous global coverage. This gives unprecedented resolution of the day to day evolution of these key gases. This paper presents assimilated fields of ozone, methane and water vapour. The assimilation algorithm is exactly as described in Juckes (2006) (hereafter J2006) . Isentropic advection is used as a constraint. No account is taken of vertical structure: the analysis is carried out independently on each of 15 isentropic surfaces.
Assimilation of MIPAS ozone data has been discussed in Geer et al. (2006) and J2006. Here, new results for methane and water vapour are introduced. These two gases are important in their own right as significant players in the radiation budget (e.g. Shine, 1993) , but also serve to illustrate the stratospheric circulation. The role of the polar vortex as a distinct air mass with special chemical properties has been a matter of special interest since the development of the Antarctic polar ozone hole (Farman et al., 1985; Solomon et al., 2005) . The observation track of MIPAS crosses the pole every orbit, giving exceptional coverage of this key region of the stratosphere.
The next section summarises the methods used. Section 3 then describes the validation against independent measurements. Section 4 looks at the annual cycle in the 3 assimilated species. Section 5 looks at the evolution on shorter time scales, showing how the assimilated fields faithfully track a strong disturbance to the polar vortex. Section 6 looks at equivalent zonal means and introduces the total observed hydrogen. The mean for each day, taken over all observations on that day, is plotted as solid lines, with dashed lines at plus/minus one standard deviation. (b) monthly means and standard deviations by latitude bands. Each latitude band is divided into 12 months, with April, May, June and October, November, December shaded. For each month, where data is present, a vertical bar marks the mean observation minus analyses, and the arrows plus and minus one standard deviation. A bar without arrows occurs when there is a single validating observation in that month and latitude band. Bars are drawn dashed when they overlap bars higher up the graphic. In (a) and (b), SAGE III [L] is the data from the lunar occultation mode of SAGE III. Sondes [S] is data from the WOUDC ozone sondes which has been vertically smoothed with a 2 km running mean.
Methodology and data
The MIPAS level 2 offline product (ESA, 2004) was used, versions 4.59 (2772 profiles), 4.61 (213284) and 4.62 (25328) . The offline product has been found to be significantly improved over the near-real time product (e.g. Fonteyn et al., 2004) . The fields are interpolated onto isentropic surfaces prior to assimilation using the MIPAS retrieved tem- perature profiles and linear interpolation with respect to potential temperature.
The assimilation uses meteorological fields from the European Centre for Medium-Range Weather Forecasts (ECMWF) operational analyses.
As in J2006, the assimilation is computed as the minimisation of a single cost function:
where χ is the tracer mixing ratio in units of ppmv (parts per million by volume), λ, φ, t are longitude, latitude and time respectively, u is the horizontal wind velocity, σ 2 obs:i is the observation error variance, with the subscript i here and elsewhere labeling the observation. Constants used here are c 1 =0.5 days per radian =0.0068s m −1 , w ap =50day 2 ppmv −2 =3.7 × 10 11 s 2 ppmv −2 , and w num =1.45 × 10 −6 radian 6 ppmv −2 =9.7 × 10 34 m 6 ppmv −2 . The summation is over all observations, and the integrations are over the sphere (dA= cos φdλdφ) and over an assimilation window of around 50 days. The large value of the w num in SI units reflects the scale-selectivity of this term, which ensures the solution is well behaved on the grid scale. There are no prescribed error covariance structures in this formulation: the variational problem is completely defined by the constants quoted above and the observational data (χ obs:i , σ obs:i , i=1, N obs , where N obs is the number of observations). χ is the tracer mixing ration and σ the error variance estimate.
The solution is found by solving A[χ]=0, where A is the differential operator resulting from the first variation of Eq. (1) with respect to χ. The solution method and the choice of constants c 1 , w ap and w num is discussed in more detail in J2006.
The spatial and temporal discretisation used here are 1.875 degrees and 4 h respectively, with longitudinal thinning of the grid towards the pole as described in J2006. The analysis period is split into 12 monthly assimilation windows, each extending around 50 days from the 21st of the previous month through to the 10th of the subsequent month. Two exceptions to this rule are the January window, which starts on 1 January, and the December window, which ends on 31 December. As described in J2006, the analysis from the ends of each assimilation window (with the exception of the start of January and end of December) is discarded.
Validation
Validation data was employed from the following instruments (with level 2 data version in square brackets): Solar Backscatter Ultraviolet (SBUV; Planet et al., 2001) [61610], Stratospheric Aerosol and Gas Experiment (SAGE II and III; Thomason and Taha, 2003) Brühl et al., 1996)[19] . In addition ozonesonde data provided by the World Ozone and Ultraviolet Radiation Data Centre (WOUDC) 2 , from 38 stations listed in the appendix of J2006, was used. Table 1 shows the average number of profiles per day used form each instrument (and each mode of operation for SAGE III) in this study.
2 WOUDC is one of five World Data Centres which are part of the Global Atmosphere Watch programme of the World Meteorological Organization. The WOUDC is operated by the Experimental Studies Division of the Meteorological Service of Canada (web address: http://www.woudc.org) The validation fields are interpolated with their own retrieved temperature profiles where available (ozonesondes, HALOE), temperature profiles distributed with the data (SAGE, POAM, both of which use NMC temperatures), or with ECMWF temperatures interpolated to the profile position (SBUV and OSIRIS).
J2006 validated 6 months of ozone data. Here, that analysis has been extended to 12 months. The results for ozone do not differ significantly from those reported earlier. Figure 1 shows a summary of the ozone validation against independent observations on the 850 K isentropic surface. The assimilated MIPAS field shows no significant drift relative to SBUV, HALOE, SAGE II or SAGE III. There is large variability relative to OSIRIS and ozone sondes, but this does not appear to be systematic (it should be noted that this level, 850 K -approximately 30 km, is towards the upper limit of the sondes' range). Overall, the majority of comparisons support the view that the bias in MIPAS is small and without systematic drift. In Figs. 1-3 the orange curve shows the mean and standard deviation of the MIPAS observations minus analysis. The global mean is very close to zero in all cases, as expected from the construction of the analysis (J2006). There is a mean difference in the methane observations minus analysis in the 90S-60S band during the southern winter (Fig. 3b ). This is a period where coverage in the southern vortex is low: 658 profiles in that latitude band in June compared with 3952 in March. The standard deviations increase significantly both in June and July in the Southern hemisphere (the 90 S to 60 S and 60 S to 30 S bands) and in November and December at high Northern latitudes (the 60 N to 90 N band). This is visible in all three species, but is strongest in the water vapour (Fig. 2b) . Water vapour also has low coverage in the southern winter vortex (1083 profiles in the southern latitude band in June), though not as bad as for methane. Where there are validating HALOE retrievals, in June and July, 60 S to 30 S, the assimilation has a lower standard deviation relative to the independent HALOE data than it does relative to the observations used as input. The high level of noise in the data has been commented on by Lahoz et al. (2006) . The comparison against POAM III shows enhanced bias and variability. It can be seen from seasons and latitude bands where both HALOE and POAM III are compared against MIPAS that the standard deviations of the comparison against POAM III are systematically higher than those against HALOE, so not all of the variance in the POAM III residuals can be attributed to the MIPAS analysis. Figure 4 shows vertical profiles of the isentropic mean and standard deviation of the observations minus analysis for the ozone data (global and annual average, taken over all available observations). The structure over the 12 month period studied here is essentially the same as the 6 month period analysed in J2006. Mean differences are small between 500 and 1250 K (i.e. approximately from 20 to 40 km -heights of isentropic surfaces can be read from Fig. 7 below). Above and below that range it appears that MIPAS is measuring low.
The water vapour mean and standard deviation profiles ( Fig. 5 ) are ambiguous. MIPAS has higher water vapour values than HALOE but is close to POAM III in the upper stratosphere (around 1000 to 2000 K; this study was initially done with POAM III version 3 data which was closer to HALOE, in the diagnostic presented in Fig. 5 , than to MIPAS: but version 4 is substantially moister in this region). Between 500 K and 850 K the biases relative to SAGE II and HALOE are small (around 5%), but there are larger biases relative to POAM III in the mid and lower stratosphere. Milz et al. (2005) , using MIPAS data with a different retrieval process, found smaller biases relative to HALOE below 35 km, but biases exceding 10% from 40 to 45 km. Pan et al. (2002) evaluated ILAS water vapour profiles and found values 10% to 20% higher than HALOE in the 800 K to 1800 K height range. Payne (2005) analysed possible sources of a high bias in MIPAS water vapour in the retrieval algorithm, but did not find anything which could explain the offset between MI-PAS and HALOE. This issue is discussed further below in Sect. 6.2.
As with the 850 K time series shown in Fig. 2 , the standard deviation of the difference between the HALOE measurements and the assimilation is less at one level (1250 K) than the standard deviation of the difference between the assimilation and the observations which were used to create it (this is not the case for the root-mean-square difference). One possible explanation is that the assimilation of the data is reducing the random error present in the input data through the smoothing effect inherent in the variational assimilation of noisy data (e.g. Juckes and Lawrence, 2006) . In terms of the standard deviation, the agreement with HALOE is substantially better than that with POAM III at all levels and better than that with SAGE II above 500 K. Figure 6 shows profiles of mean anomaly and standard deviation of the methane analyses relative to HALOE observations. There is a positive relative bias in the analyses at all heights, less than 5% between 600 K and 1700 K. The standard deviation is under 10% over this height range.
For both water vapour and methane, Figs. 5 and 6 also show results of a nearest neighbour comparison between the MIPAS profiles used as input for the assimilations and the validating data. The mean differences are very similar to those found with the assimilated data, but the standard deviation are larger in the nearest neighbour comparisons. This may be due to the ability of the assimilation to accurately represent spatial and temporal changes and to filter out noise, as indicated above.
All the validation data (in the form of differences between analyses and validating observations) are available as netcdf files (see supplementary material http://www.atmos-chem-phys.net/7/1879/2007/ acp-7-1879-2007-supplement.zip).
Annual cycle
The annual cycle of methane and water vapour has been discussed by Randel et al. (1998); Dunkerton (2001) , using HALOE data. The evolution of the present data through the year reproduces the main features highlighted in previous studies. Figure 7 shows time-height sections of ozone, water vapour and methane, averaged in 3 equivalent latitude bands. 3 Averaging around equivalent latitude bands results in greater continuity because the averaging volume follows the short period dynamical displacements of the airmass. A 9 day period at the end of May during which there are no MIPAS observations is blanked out of the plots.
The equivalent zonal mean water vapour in the tropics (Fig. 7h) shows a very clear "tape recorder" signal (Mote et al., 1996 (Mote et al., , 1998 Randel et al., 1998) : that is, a pattern imprinted on the air at the tropopause is carried upwards in the rising branch of the Brewer-Dobson circulation, rising at around 2 × 10 −4 ms −1 (the slope of the red arrow in Fig. 7h) , consistent with the value given by Mote et al. for the northern summer. The higher value they quoted for the northern winter (4 × 10 −4 ms −1 ≡ 1 km/month) is not seen here (their analysis covered more years and extended lower than the data presented here, so there is no contradiction). The ascent rate seen here is very close to the 0.7 km/month (2.7×10 −4 ms −1 ) given by Randel et al. (1998) .
In the tropical mid and upper stratosphere (35km and above) methane and water vapour show the semi-annual oscillation seen in Randel et al. (1998) . At these heights, in contrast to the lower stratosphere, the isolines of these two species follow each other closely. This reflects the fact that the anomalies in this region are controlled by a balance between advection and chemical relaxation (Dunkerton, 2001) , so that the structure in the anomalies represents the variation in the upward advection. In the lower stratosphere the presence of the tropical tape-recorder reflects the fact that the chemical relaxation is slower and the anomalies reflect the air mass history.
The polar regions show a larger annual cycle and greater short term variability, primarily in the winter months. The evolution of the temperature structure is shown in Fig. 8 (see also Fig. 10 below) . In the lower stratosphere, southern hemisphere, the coldest temperatures are reached in July and August. At 40 km, by contrast, the coldest temperatures occur just after the equinox. The onset of gradual warming after that date coincides with an increase in variability, as shown in Fig. 9 . At the end of the winter there is a sharp rise in the pressure, such that there is a sudden drop in potential temperature towards the end of the winter (this shows up as a step in the green isentropes in Fig. 8a ). This is somewhat counterintuitive, as it coincides with rising temperatures: however, at this height, the affect of the rising pressure on the potential temperature outweighs that of the temperature.
Returning to the tracer fields shown in Fig. 7 : in Fig. 7a we see the onset of chemical ozone loss at 20 km in late September (Farman et al., 1985; Crutzen and Arnold, 1986; Crutzen and Lelieveld, 2001) in the southern vortex. Geer et al. (2006) show that MIPAS underestimates the extent of this loss, but it is nevertheless clearly distinguishable from the midwinter maximum in ozone seen in the northern hemisphere. The ozone loss is preceded by drying out of the lower stratosphere in late June (Fig. 7b) .
In the mid stratosphere, the polar methane shows strong descent in the late summer and autumn followed by weaker descent throughout the winter. The overall pattern is as reported by Randel et al. (1998) , but the present data resolve this with better temporal resolution than HALOE and it is possible to see marked switch in behaviour between the autumn and winter regimes. In the upper stratosphere [40 to 50 km] there is a pronounced minimum, in both hemispheres, around the equinox at the start of the winter season, with mean values falling below 0.1 ppmv (Mar. in Fig. 7c , Sep. in Fig. 7f ). This coincides with the onset of variability and the temperature minimum seen in Figs. 8, 9 . Funke et al. (2005) discuss the southern hemisphere event in more detail in the context of downward transport of NO x and conclude that that the initial minimum is the result of air descending from the mesosphere. The winter season in the northern hemisphere is not illustrated as clearly here because the study period only includes the end of one winter and the start of the next. It is, however, clear that the seasonal minimum methane concentration in the upper stratosphere [45-50 km] is, similarly, shortly after the equinox. For each species the colour scale is given at the top of the column. The contour intervals are: 0.8 ppmv (ozone), 0.5 ppmv (water vapour) and 0.2 ppmv (methane). Isentropes are contoured in green, at 450, 520, 650, 850, 1200, 1650 and 2300 K. In (a-f) red arrows slope downwards at a rate of 10 −3 ms −1 . In (g-i) red arrows slope upwards at a rate of 2 × 10 −4 ms −1 .
From March to May the descent rate in the Southern polar vortex at 30 km is around 10 −3 ms −1 (the slope of the red arrows in Figs. 7b, c) . This is somewhat faster than cited in, for example Randel et al. (1998) , but the difference is due to difference in vertical coordinates. Here, height has been used, whereas Randel et al. (1998) use log-pressure coordinates. Fig. 8 shows that the pressure surfaces descend at about 1km per month in the Autumn. When this is taken into account the descent rates here are consistent with those in the literature (see also Schoeberl et al., 1995; Rosenfield et al., 1994) .
The rapid descent rates seen in early October here match those deduced by Russell et al. (1993) from the distribution of water vapour and methane observed by HALOE at the end of October 1991. They concluded that the 15 to 20km layer of the southern polar vortex was flushed out in one month, corresponding to around 1.9 × 10 −3 ms −1 . Such descent rates are suggested by the isopleths descending rapidly in that layer in mid-October, but this rapid descent is short lived. Schoeberl et al. (1995) ; Rosenfield et al. (1994) looked at the descent rates using calculated heating rates. These calculations produced a substantially lower descent rates, consistent with the longer term descent at around 3×10 −4 ms −1 seen in Fig. 10c (arrow C) . The observations analysed by Russell et al. (1993) nevertheless imply significant outward transport of air from the base of the vortex towards the end of the winter. McIntyre (1995) points out that mean isentropic outflow is not possible because of dynamical constraints. Juckes (2001 Juckes ( , 1997 show an alternative flow configuration is possible: mean outflow on the stratospheric portion of isentropes balanced by mean inflow on the tropospheric portions of the same isentropes.
From August the water vapour and methane fields at 40 km start to return to midlatitude stratospheric values as the vortex is broken up. This process starts later at lower altitudes. The overlay of the potential temperature contours shows that the spring descent is a different dynamical process to that occurring in the autumn. In the autumn the air mass is clearly crossing the isentropes, whereas in the spring the isentropes are also descending at a significant rate. Unlike the radiative cooling in autumn, which caused isentropes to rise and material contours to sink, the spring is a time of dynamically forced descent, carrying both isentropes and material contours downwards. 4 , where the operator LP is a low pass filter (a 10 day running mean) and H P is a high pass filter, taken as the residual from LP . Engel et al. (2006) observe a layer of mesospheric air in the arctic descending from 30 km in late January to 25 km in early March, 2003 , and report a modelling study which shows this air descended during the previous autumn. This is highly consistent with the picture shown in Figs. 7e,f (lower left red arrow), where a tongue of low methane, high water vapour air persists and descends at a time when the layers higher in the stratosphere are returning to more typical stratospheric values. A similar pattern is seen in the southern hemisphere methane (Fig. 7c) . The dynamics of this topdown vortex breakup is discussed by Lahoz et al. (1996) .
The methane fields in both hemispheres suggest that there has been descent of around 20 km through the year, bringing air down from 40 km to 20 km while preserving its chemical composition. This compares with an estimate of 13km made by Rex et al. (1999) based on a comparison between air inside and outside the vortex.
The water vapour shows a similar pattern, with the noticeable exception of anomalous loss in the southern winter as between diagnostic determination and causal determination. Fig. 8a, (b) Fig. 7b and (c) Fig. 7c , showing evolution through the end of the southern winter up to 30 km. Arrows in (b) and (c) show descent rates of (A) 10 −3 ms −1 , (B) 3 × 10 −3 ms −1 , and (C) 3 × 10 −4 ms −1 . the vapour freezes out (e.g. Benson et al., 2006) . At 18 km the water vapour does not reappear when temperatures rise in September: in the last 2 weeks of September the temperatures are above 200 K. The methane fields in this period imply that the air mass is conserved. The lack of recovery in water vapour concentrations suggesting that the condensate has settled out to some extent. The water vapour only recovers when, in October, the methane fields show that the air mass is no longer being preserved. At 20 km, however, there appears to be a recovery in the water vapour concentrations in mid-September (Fig. 10b) at a time when the methane showing no signs of mixing (Fig. 10c) . This may be caused by evaporation.
Meteorology
The equivalent latitude means give a useful overview of the annual cycle. This section looks at variability on shorter timescales. Figure 11 shows the analysed tracer fields during a break up of the northern polar vortex at 850 K (around 10 hPa, 30 km at the pole). The corresponding flow field is illustrated using the potential vorticity in Fig. 12 . The vortex is displaced from the pole and splits into two halves while an anticyclonic circulation is established over the pole. The ozone field at first mirrors the potential vorticity field, with the low ozone in the vortex core being advected around in the disturbed vortex. On 19 April, however, a new low centre appears in a region of low potential vorticity. The dynamical anomaly is a response to rapid meridional transport. This particular anomaly is discussed in more detail by Lahoz et al. (2007) as an example of a "frozen-in-anticyclone" (Manney et al., 2006) . At this level ozone is subject to significant chemical evolution, and the ozone advected over the polar cap is being destroyed. The assimilation code used here does not have any explicit representation of chemistry but the consequences of the chemistry are nevertheless present in the analysis through the observations. The methane and water vapour fields (Fig. 11 ) also show the break up of the vortex, but unlike the ozone field we see no evidence of chemistry. In the previous section it was noted that the chemistry of these species in the upper stratosphere starts to compete with vertical advection, but the faster horizontal advection can still be viewed as nearly conservative.
The analysis clearly shows the preservation of air mass properties as the vortex breaks up. It was shown in J2006 that the typical information retention time of the analysis was around 2 days. Beyond this time information from earlier observation is replaced by new observations. Thus, continuity of air mass properties for longer time scales must reflect continuity in the observations.
Equivalent zonal means

Water vapour and methane
We now look at latitude-height sections of fields averaged at constant equivalent latitude, referred to here as equivalent zonal means. Similar structures are visible in the simple zonal mean fields, but some of the detail is lost or blurred.
Mean fields are shown for January, April, July and October. The structure in the water vapour and methane fields is Fig. 11. Ozone (a, d, g, j: contour interval 0.5 ppmv), water vapour (b, e, h, k: contour interval 0.2 ppmv), and methane (c, f, i, l: contour interval 0.1 ppmv), on the 10th to 19 April 2003 (in steps of 3 days, starting at the top), on the 850 K isentropic surface, Northern polar stereographic projections. Ozone, water vapour and methane are assimilated from MIPAS level 2 data as described in the text. Each analysis is valid at 00:00 GMT. As Fig. 11, except showing Ertel potential vorticity from the ECMWF operational analyses, contour interval 8 × 10 −5 K kg −1 s −1 . The colour scale (top) is labeled in units of 10 −6 K kg −1 s −1 . consistent with that shown by Randel et al. (1998) , based on HALOE and MLS data, even though that paper shows results from fitting an annual cycle to 7 years of data (1991 to 1997) rather than individual months as shown here.
Relative to that paper, the peaks in the water vapour fields shown in Figs. 13, 14 data are at about the same altitude but at higher concentrations (typically around 7.4 ppmv compared to 6.4 ppmv in Randel et al., 1998) . Le Texier et al. (1998) model low water vapour concentrations being drawn down from the mesosphere into the winter polar vortex, with values as low as 4.5 ppmv at 40 km at the winter pole. At this time and location Randel et al. (1998) show around 5.6 ppmv compared to around 6.5 ppmv in the present analysis. Part of this difference may be explained by the high bias of MI-PAS relative to HALOE. The extreme values are likely to include a contribution from the high noise in the MIPAS water vapour, especially at the summer poles ( Fig. 2b and Lahoz et al., 2006) .
There is also detailed agreement between the methane fields of Fig. 13, 14 and Randel et al. In April methane concentrations below 0.6 ppmv are drawn down to around 20 km in a small area at the centre of the northern vortex. This is also visible in Randel et al., although the 0.6 ppmv contour ends slightly higher there. There is also agreement in the lower part of the southern surf-zone: between 20 and 30 km and between 20 and 60 S in Fig. 14b , e, latitudinal gradients have been weakened by strong horizontal mixing; there are also weak vertical gradients. Higher up there is a slight difference in structure, especially in July (Fig. 14b) : here a broad region of level isopleths from 45 S almost to the equator. In Randel et al. (1998) the region of horizontal isopleths does not extend so far northwards. Another difference concerns the buckling of contours in the methane field at 30 S, 30 km in July, and the matching pattern in the water vapour. There is a slight southward displacement of the isopleths at 25 km, 30 S between April (Fig. 13d, e) and July (Fig. 14a,  b) , but the southward displacement is substantially faster at 30 km. Between April and July there is also a slight southward displacement of the isopleths at 25 km, 30 N, such that the methane isopleths here are also buckled. A similar buckled structure is visible in the January methane field at 40 km, 20 N (Fig. 13b) . The absence of such details from Randel et al. (1998) is consistent with some loss of detail due to the smoothing which might be expected from the lower data volume then available and the consequent need to merge 7 years of data. This buckling is consistent with differential horizontal transport.
Total observed hydrogen
The main reactions affecting water vapour and methane in the stratosphere convert methane to water vapour, such that the the quantity "total observed hydrogen": Green contours show the heights of isentropic surfaces (these figures are generated from data on isentropic levels). is approximately conserved (e.g. Garcia and Solomon, 1994) . Molecular hydrogen is also a significant component of the total hydrogen budget in the mesosphere, but is not included in the observations used here. The last column in figures 13 and 14 displays the equivalent zonal mean H TO . Figure 13f can be compared to Fig. 8 of Randel et al. (1998) , showing H TO /2 from HALOE, CLAES and MLS for 1991-1997 : that study found H TO to be nearly constant with height. The higher upper stratospheric water vapour values found in the present analysis are also reflected in higher H TO . In both the winter poles there is a strong low anomaly in the mesosphere where there is known to be downward advection. This is due to photo-dissociation of water vapour in the upper mesosphere into hydrogen and oxygen (Harries et al., 1996) . As the air is advected down the hydrogen is oxidized back to water vapour, explaining the recovery of H TO .
In the tropics the alternating maxima and minima of the "tropical tape-recorder" are visible. The anomalies have a broader structure, especially in April, than the corresponding features in the water vapour field (compare Figs. 13d and   13f ). The sharp horizontal boundaries in the water vapour field reflect, in part, the effect of differential vertical advection on the strong vertical gradients. In the H TO field the absence of strong vertical gradients rules out this mechanism. Figure 15 shows H TO fields corresponding to the water vapour and methane fields of Fig. 7 . The H TO "tape-recorder" signal is also clearly visible in Fig. 15c . However, the signal to noise ratio in the field is generally low.
The large band of positive anomalies across the upper stratosphere is an unexplained structure in Fig. 13c,f and Fig. 14c,f , with H TO values exceding 15ppmv over large regions. Nassar et al. (2005) present data from the ACE-FTS instrument for February to April 2004. They show a fall in H TO (presented as "equivalent water" which is exactly half H TO ) above 60 km, averaged over 30 N to 66 N. Figure 1 of Nassar et al. (2005) also shows a weak peak in H TO between 50 and 60 km, however, the amplitude is less than the error bars and the altitude is higher than the peak found here (around 40 km at that time and latitude, albeit for a different year). HALOE observations (Randel et al., 1998) do not show any such upper stratospheric maximum. The maximum in the MIPAS analysis might be due do observational error. An alternative, suggested by Hannegan et al. (1998) , is that there is a significant source (of the order or 2 Tg/year) of water vapour in the upper atmosphere from cometary material. This would be advected into the stratosphere in the form of H 2 and then mixed out. Some support for the latter theory is seen in the high values observed in the mid-stratosphere polar vortex during the winter. Figure 16 illustrates how high H TO values coincide with the centre of the vortex and very low ozone values (2.75 ppmv), where it would be advected by the mean descent, suggesting that there is some truth in the high values. Figures 17 shows an equivalent snapshot in the southern hemisphere. The H TO field is noisier here. There is again a contrast between the tropics and high latitudes, but here the change takes place mainly across the sub-tropical barrier, not across the vortex boundary. The time height sections (Fig. 15a, b) do not, however, show smooth descent comparable with that seen in the methane fields. The low signal to noise ratio of the H TO field prevent a clear picture from emerging.
There is an alternative explanation for the apparent material advection of excess H TO . Geer et al. (2006) show that MIPAS ozone fields have a positive bias in the centre of the ozone hole: the retrieval is unable to reproduce the near zero values measured there by sondes and by HALOE. The values of methane in the centre of the vortex are also extremely small (Figs. 16, 17) , following oxidation to water vapour in the mesosphere. It is possible that the retrieval is, as with ozone, introducing a small positive bias in these circumstances. Such a bias would be co-located with the low methane values and so would appear to be advected conservatively.
The high H TO could also result from an error in water vapour, but it is not clear why such an error should occur both in the upper stratosphere and the winter polar vortex.
Conclusions
The MIPAS ozone, water vapour and methane fields have been used to construct gridded fields for the whole of 2003. Comparison with independent observations shows good agreement: the standard deviations are mostly lower than those obtained in nearest-neighbour comparisons with validating instruments, showing that added value is obtained from the assimilation process.
For ozone the mean bias relative to other instruments is generally less than 5% in amplitude up to 1250 K. Above that height the ozone analyses appear to have a negative bias, though the agreement with HALOE remains good up to 2000 K. The standard deviation is generally between 5 and 10%, agreement with HALOE being best above 1000 K and agreement with SAGE II & III being best below this level. In water vapour the analyses generally have a high bias of 5 to 10% relative to HALOE up to 2400 K. Standard deviations relative to HALOE are as low as 5% in the lower stratosphere, but larger relative to other instruments and relative to HALOE in the upper stratosphere. The water vapour biases relative to POAM III and SAGE II vary with height, between 1250 K and 1500K there is little bias relative to POAM III, but the standard deviations are close to 20%. For methane, the analyses are high relative to HALOE, though this bias is less than 5% through much of the stratosphere. The standard deviation grows from around 7% at 500 K to 20% at 3000K.
In combination, the analyses of the 3 gases provide a rich record of transport processes through the year in the stratosphere. In the tropics, both water vapour and "observed total hydrogen" (H TO , defined here as the hydrogen content of the observed methane and water vapour) fields show a clear "tape recorder" signal, indicating an ascent rate in the tropical lower stratosphere of around 2 × 10 −4 ms −1 , consistent with earlier studies.
At high latitudes, both water vapour and methane show a deep region of descent within the polar vortex, with a rate of around 10 −3 ms −1 in the mid stratosphere [24 to 26 km], 3 × 10 −4 ms −1 in the lower stratosphere [20 to 24 km] and a short period of faster descent (3 × 10 −3 ms −1 ) at the end of the winter in the lowermost stratosphere. In the course of the winter the 0.5 ppmv methane isopleth descends from around 40 km to 20 km.
In the winter mesosphere the H TO values are depleted, as found by Harries et al. (1996) , who conclude that water vapour has been photolysed to molecular hydrogen.
Between 40 and 50 km there is a band of enhanced H TO values in the analyses. This could result from enhanced hydrogen content in the mesosphere, produced by deposition of cometary material in the atmosphere, being advected down and then oxidised to become observable in the upper stratosphere. However, the evidence is patchy and the anomaly may be due to instrumental biases. To explain the measurements any such error must have the property of being conserved following the mesospheric air mass as it descends in the nascent stratospheric polar vortices. A (hypothetical) bias associated with extremely low methane would satisfy this condition.
